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I.  INTRODUCTION' 

I n  a prev ious  pape r (1 )  the rearrangement of a s e r i e s  of 
hydrocarbons inc luding  methane i n  a microwave d i scha rge  was reported.  
The work reported he re  i s  an i n v e s t i g a t i o n  of the e f f e c t  o f  t he  
in t roduc t ion  of a f u n c t i o n a l  group i n  methane on t h e  n a t u r e  o f  both 
t h e  gaseous and s o l i d  products  of rearrangement. Such measurements 
should u l t ima te ly  support  a model of t he  rearrangement mechanism 
i n  a microwave discharge.  Methane and methyl c h l o r i d e  werc passed 
s e p a r a t e l y  i n  t he  absence of a d i l u e n t  through a microwave d i s -  
charge.  

11. EXPERIMENTAL 

A. Ma te r i a l s  

Methane ( u l t r a h i g h  p u r i t y  grade) was obta ined  from t h e  
Matheson Co. and used wi thout  f u r t h e r  p u r i f i c a t i o n .  The fo l lowing  
a n a l y s i s  was suppl ied wi th  t h e  methane: C02 - (5  ppm; O 2  
N - 19 ppm: C2H6 - 14 ppm: C3H8 - ( 5  ppm. Methyl c h l o r i d e  
(gigh p u r i t y  grade) was obta ined  from t h e  Matheson Co. and used 
without f u r t h e r  p u r i f i c a t i o n .  

5 ppm; 

B. Apparatus and Procedure 

The rearrangements were c a r r i e d  o u t  i n  a h igh  vacuum 
flow system. The power source f o r  t h e  microwave d i scha rge  was a 
Raytheon generator(Mode1 KV-1?4) and was opera ted  a t  a power l e v e l  
corresponding t o  about 40 r . f .  wa t t s  a t  2450 Mc. The g e n e r a t o r  
was connected t o  an air-cooled cavity(Raytheon - KV s e r i e s )  by a 
coax ia l  cable .  Two procedures were used depending upon whether 
an a n a l y s i s  of t h e  gaseous products  was be ing  made o r  whether s o l i d  
f i l m  w a s  being depos i ted  f o r  subsequent a n a l y s i s .  I n  t h e  former 
c a s e ,  t h e  pa ren t  gas  w a s  passed through a v a r i a b l e  l eak  valve 
(Veeco - V L ) .  The p res su re  i n  a t y  i c a l  experimental  run was 0.15 
t o r r  a t  a mass flow r a t e  of 1 x lo-' moles/min. and a l i n e a r  flow 
r a t e  of 20 cm./sec. I n  t he  l a t t e r  c a s e ,  t h e  pa ren t  gas  vas  passed 
through a Teflon needle  va lve  (Fischer-Porter)  . The p r e s s u r e  i n  a 
t y p i c a l  experimental  run was O.5Oitorr. Normal depos i t i on  t ime 
was 20 min.  

c h l o r i d e  were determined using a mass spec t rometer (Assoc ia ted  
E l e c t r o n i c s  I n d u s t r i e s  - MS-10). The sampling volume was l o c a t e d  
about 140 c m .  downstream from t h e  discharge.  A f t e r  e s t ab l i shmen t  
of a constant  flow r a t e ,  t h e  pa ren t  gas  s t ream was sampled. An 
off-on valve upstream from t h e  d ischarge  allowed t h e  system t o  
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be pumped down wi thout  a l t e r i n g  the  s e t t i n g  of the v a r i a b l e  leak. 
Between analyses  pumpdown r e s u l t e d  i n  f a s t e r  a t ta inment  of s teady 
s t a t e  concen t r a t ions  of rearrangement products.  Flow was again 
s t a r t e d  and the d i scha rge  i n i t i a t e d  with a Tes la  c o i l .  A f t e r  
e s tab l i shment  of  a c o n s t a n t  flow rate t h e  discharged g a s  stream 
was sampled. 

The s o l i d  polyermic f i lms  were removed mechanically 
from the  wal ls  of t h e  Pyrex tubing. The i n f r a r e d  s p e c t r a  of t he  
f i l m s  of both gases  w e r e  ob ta ined  using e i t h e r  a Perkin-hlmer 
421 o r  621 spectrophotometer.  The e l e c t r o n  sp in  resonance s p e c t r a  
of the nea t  f i l m s  from both  gases  were obta ined  on a Varian ESR 6 
spectrometer.  Elemental analyses  of both f i lms  were made by 
G a i l b r a i t h  Labs. 

111. RESULTS 

’ A. Gaseous Products  

1. Mass s p e c t r a  

Selected peaks  from the mass s p e c t r a  of methane and 
methyl ch lo r ide  ob ta ined  with the  d i scha rge  on and o f f  a r e  shewn 
i n  F igures  l a  and lb.  The most significant f e a t u r e s  i p  t h e  methane 
spec t r a (F igure  l a )  were t h e  incrTase i n  t h e  m / e  = 2 (H- ) peak and 
t h e  decrease i n  t h e  m/e = 1 5  (CH3) peak when methane W ~ S  passed 
through the discharge.  Trace q u a n t i t i e s  of higher  molecular weight 
hydrocarbons were a l s o  noted. The most s i g n i f i c a n t  f e a t u r e s  o f  
t h e  methyl+chloride s p e c t r a  (Figure lb) w e r e  t h e  increaae i n  the  
m/e - 2 (H2)  peak, t h e  appearance o$ t h e  m/e = 30 (C2H6) peak and 
the  decrease i n  t h e  m/e = 50 (CH3C1 ) peak when methyl c h l o r i d e  
w a s  passed though t h e  d i scha rge .  F u r t h e r ,  HC1 w a s  noted when 
t h e  l i q u i d  ni t rogen cooled  t r a p  downstream from t h e  discharge 
w a s  opened. 

B. Sol id  F i l m s  

A s o l i d  f i l m  was observed t o  form i n  the d ischarge  region 
when e i t h e r  methane o r  methyl c h l o r i d e  was passed through t h e  d i s -  
charge.  Both f i l m s  were cha rac t e r i zed  i n  s e v e r a l  ways. 

1. Elemental a n a l y s i s  

Empirical formulas f o r  t h e  s o l i d  f i lms  were e s t a b l i s h e d  
by elemental  a n a l y s i s .  The formulas f o r  t h e  s o l i d  f i lms  formed 
form methane and methyl c h l o r i d e  w e r e  (CH1.5)x and (CHo.65Clo.045 1 
r e s p e c t i v e l y  . 

2 .  I n f r a r e d  s p e c t r a  

T h e  i n f r a r e d  spectrum of t h e  f i l m  obta ined  from methane 
i s  shown i n  F igure  2 where a nea t  sample was used. Peaks a sc r ibed  
t o  t h e  f i l m  were noted i n  t h e  regipn of t h e  following frequencies5 
2900, 1700, 1450, 1380 and 880 c m  . The assignments of t hese  
f r eauenc ie s  fol low t h o s e  g iven  by Je sch  e t  a l ( 2 ) .  The band a t  880 
c m  hay b e  due t o  rocking  v i b r s f i o n  of -CH i n  a mul t ip l e  carbon 
atom chain.  
t i o n .  The band a t  1450 c m  
s c i s s o r s  v i b r a t i o n .  The band a t  1700 cm-‘ was probably due gy 
carbonyl formed on exposure of t h e  f i l m  t o  a i r .  The 2900 c m  band 

The band a t  1290 cm i s  c h a r a c g e r i s t i c  of -CH deforma- 3 i s  c h a r a c t e r ’ s t i c  of - CH2 symmetric 
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i s  due t o  C-H s t r e t c h i n g  v i b r a t i o n .  

The i n f r a r e d  spectrum of t h e  f i l m  obta ined  from methyl 
c h l o r i d e  is  shcyln i n  F igure  3 where a nea t  sample was used. The 
low i n t e n s i t y  peaks were a c h a r a c t e r i s t i c  of t h e  methyl ch lo r ide  
f i lms  whether run a s  a nea t  sample o r  a s  a KBr p e l l e t .  Peaks 
a sc r ibed  t o  the  f i l m  
f requencies :  2900,  1700,  1580, 1440 and 875 c m  . The peak a t  
1380 c m  observed i n  t h e  methane fi lm- s absent  i n  t h e  methyl 

c h l o r i d e  f i l m .  

were noted i n  t h e  region-pf t h e  fo l lowing  

chlor ide f i lm  and a new peak a t  1580 c m  iis observed i n  t H e  methyl 

3 .  Elec t ron  sp in  resonance 

The e l e c t r o n  sp in  resonance s p e c t r a  of t h e  f i l m s  pro- 
duced from methane and methyl c h l o r i d e  a r e  shown i n  F igures  4a 
and 4b. A s i g n i f i c a n t l y  l a r g e r  f r e e  sp in  concent ra t ion  on t h e  
o rde r  of one thousand times g r e a t e r  was noted i n  t h e  case  of t h e  
methyl ch lo r ide  f i lm.  No f i n e  s t r u c t u r e  was observed i n  t h e  case  
of  t he  methyl c h l o r i d e  f i l m .  g-values f o r  both f i lms  w e r e  
e s s e n t i a l l y  i d e n t i c a l  t o  t h e  value f o r  p i t c h ( g  = 2 .000) .  

4. S o l u b i l i t y  s t u d i e s  

A n  ex tens ive  series of l i q u i d s  w e r e  t e s t e d  a s  p o s s i b l e  
Solvents  f o r  t h e  f i lms  p r i o r  t o  NMR measurements. S o l u b i l i t y  of 
t h e  methane f i l m  was observed only i n  t he  case  of  hexamethyl- 
phosphoamide and concd. H2S04. 

I V .  DISCUSSION 

I n v e s t i g a t i o n s  of ch lo r ina t ed  hydrocarbons i n  a micro- 
wave d ischarge  have n o t  been repor ted  i n  t h e  l i t e r a t u r e  prev ious ly .  
Swif t  e t  a 1  (3)  however have inves t iga t ed  t h e  e f f e c t  of  an r f  
d i scharge  on CC14 i n  t h e  absence of  a d i l u e n t .  A number of  
ch lo r ina t ed  gaseous products  were r epor t ed  i n  a d d i t i o n  t o  a 
ch lo r ina t ed  polymer. The p r e s e n t  work ind ica t ed  a l i m i t e d  number 
of  gaseous products .  The r e s u l t s  a r e  c o n s i s t e n t  wi th  t h e  argu- 
ment t h a t  molecules i n  a xicrowave d ischarge  a r e  sub jec t ed  t o  a 
g r e a t e r  degree of  f ragmentat ion than  i n  an r f  d i scharge  thereby  
l i m i t i n g  b o t h  t h e  number aild ;he complexity of gaseous products .  

From t h e  previous  work of Vastola  and Wightplan (1) t h e  
fol lowing p o s t u l a t e  could be advanced: i f  a pa ren t  hydrocarbon 
has  a hydrogen t o  carbon (H/C) r a t i o  g r e a t e r  than about 1.6,  a 
hydrogen s a t u r a t e d  s o l i d  f i lm  w i l l  b e  produced on passage of t h e  
hydrocarbon through a microwave d ischarge  i n  a d d i t i o n  t o  hydrogen. 
Conversely,  i f  a pa ren t  hydrocarbon has  a (H/C) r a t i o  less than  about 
1.6 a hydrogen d e f i c i e n t  f i l m  w i l l  be produced and no hydrogen 
w i l l  be observed. 

t h i s  p o s t u l a t e  i f  a func t iona l  group i n  introduced i n t o  t h e  hydro- 
carbon molecule. Methyl c h l o r i d e  was chosen s i n c e  i t  r ep resen t s  
a s t r a igh t f a rward  ex tens ion  of t h e  methane case .  Methyl c h l o r i d e  
has  a (H/C) r a t i o  of 3 and i f  t h e  C 1  i s  neglec ted ,  t he  formation 
of  a hydrogen s a t u r a t e d  f i l m  would be  pred ic ted .  However, HC1 
was observed a s  a rearrangement product .  Hence t h e  C 1  can n o t  
be neglec ted  and y e t  assuming t h e  l i m i t i n g  case  of  a 1:l cor res -  
pondence between CH3C1 and HC1, t h e  (H/C) r a t i o  of t he  remaining 
fragment would be 2.  Thus t h e  formation of  a hydrogen s a t u r a t e d  
f i l m  would s t i l l  be p red ic t ed  b u t  which i n  f a c t  w a s  n o t  observed. 

The p r e s e n t  work i s  an a t tempt  t o  t e s t  t h e  v a l i d i t y  of 
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I n s t e a d  a hydrogen d e f i c i e n t  f i l m  was produced. The formation of 
a hydrogen d e f i c i e n t  f i l m  from a p a r e n t  molecule which h a s  a high 
enough (H/C) r a t i o  t o  form a hydrogen s a t u r a t e d  f i l m  can be a t t r i -  
buted t o  two f a c t o r s .  I n  t h e  f i r s t  i n s t a n c e ,  C 1  p r e f e r e n t i a l l y  
appears  i n  the  g a s  phase as i s  i n d i c a t e d  by t h e  low percentage of 
C 1  i n  t h e  f i l m ,  t h e  absence of a s i g n i f i c a n t  C-C1 absorp t ion  peak 

i n  t h e  i n f r a r e d  spectrum(Figure 3)  and t h e  presence of  HC1 down- 
s t ream from the  d ischarge .  The extension of t h i s  work t o  o t h e r  
f u n c t i o n a l  groups i s  a n t i c i p a t e d  t o  determine i f  t h i s  i s  a genera l  
scheme. I n  t h e  second i n s t a n c e ,  t h e  tendency t o  form hydrogen i n  
a microwave discharge i s  aga in  noted i n  t h e  case of methyl c h l o r i d e  

hydrocarbons conta in ing  func t iona l  groups,  t h e  formation of hydrogen 
i s  favored even a t  t h e  expense of t h e  formation of a hydrogen 
d e f i c i e n t  f i lm. The formation of e thane observed as a product  of 
t h e  methyl c h l o r i d e  d ischarge  could be  due t o  the  recombination 
of  methyl r a d i c a l s  produced i n  the discharge.  

not  been ex tens ive ly  c h a r a c t e r i z e d .  The recent  work of Jesch  e t  a1 
( 2 )  descr ibed t h e  i n f r a r e d  a n a l y s i s  of a series of f i lms  produced 
from hydrocarbons i n  a glow discharge.  Direct comparison between 
t h e  p r e s e n t  r e s u l t s  and those of Jesch  e t  a1 i s  not  p o s s i b l e  s i n c e  
t w o  d i f f e r e n t  types  of e l e c t r i c a l  d i scharges  were used. The type 
of d i scharge  used d r a m a t i c a l l y  a l t e r s  t h e  n a t u r e  of both the  gaseous 
and s o l i d  rearrangement products  a s  i n d i c a t e d  above 

a r e  s i m i l a r  t o  those  r e p o r t e d  previous ly(1)  f o r  t h e  hydrogen 
d e f i c i e n t  f i lms  formed from ace ty lene ,  benzene and naphthalene.  
The c o l o r  of t h e  methyl c h l o r i d e  f i l m  w a s  dark (brownish-black) 
c h a r a c t e r i s t i c  of hydrogen d e f i c i e n t  f i l m s  i n  c o n t r a s t  to  t h e  l i g h t  
yellow methane f i l m  c h a r a c t e r i s t i c  pf hydrogen s a t u r a t e d  f i lms .  
The high e l e c t r o n  s p i n  concent ra t ion  of t h e  methyl c h l o r i d e  f i l m  
ibad a l s o  been o b e r v e d  f o r  t h e  hydrogen d e f i c i e n t  f i l m  from acetylene.  

appear t o  be h i g h l y  c ross - l inked  as evidenced by t h e  n e g l i g i b l e  
s o l u b i l i t y  i s  l i q u i d s  used as s o l v e n t s  f o r  o t h e r  polymeric systems. 
The methyl c h l o r i d e  f i l m  c o n t a i n s  a greater number of f r e e  e l e c t r o n s  
than t h e  methane f i l m  i n d i c a t i v e  of a s i g n i f i c a n t  number of unsaturated 
valences i n  t h e  methyl c h l o r i d e  f i lm.  The methyl c h l o r i d e  f i l m  
appears  t o  be c h a r a c t e r i z e d  by  a g r e a t e r  degree of unsa tura t ion  
than t h e  methane f i lm.  Highly unsa tura ted  polymeric systems have 
been found d i f f i c u l t  to  analyze by i n f r a r e d  spectroscopy* which 
h a s  a l s o  been noted i n  t h e  p r e s e n t  r e s u l t s .  D e f i n i t i v e  NMR work 
would be h e l p f u l  i n  e l u c i d a t i n g  t h e  n a t u r e  of  these  polymeric f i l m s .  

as i n  t h e  case of methane(Pigures l a  and l b ) .  Apparently f o r  

Films formed i n  var ious  types of e l e c t r i c a l  d i scharges  have 

The p r o p e r t i e s  of t h e  f i l m  produced from methyl c h l o r i d e  

The f i l m s  produced from both methane and methyl c h l o r i d e  

* p r i v a t e  communication w i t h  D r .  Vernon Bell(NASA - Langley Research 
Center)  
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